The electrical resistivity of Co/Ni and Cu/Ni superlattices exhibit resistivity oscillations as a function of superlattice period ⌳, while Ag/Pd does not. Moreover, the resistivity of Co/Ni superlattices shows quantum size effects and a resistivity enhancement with ⌳, as a function of total film thickness d. These results are consistent with a model which assumes d-electron localization in the superlattice structure.
I. INTRODUCTION
The transport properties of transition-metal multilayers have received renewed interest since the discovery of giant magnetoresistance ͑GMR͒, 1 followed by the oscillatory coupling between ferromagnetic layers. 2, 3 Such artificially layered structures enable us to explore unique properties, otherwise unobservable in nature. The term multilayer, or superlattice, generally refers to thin films made by the sequential deposition of more than one material. Although the terms are often used interchangeably, it is customary to label the material as a superlattice if crystalline coherence, normal to the layers, is maintained over a distance longer than the modulation period, whereas if this additional ordering is absent, the term multilayer is preferred. 4 Semiconductor superlattices have been found to exhibit interesting phenomena due to the quantum-well states created by the band edges in these films. 5 Observation of resonance Raman scattering, 6 Shubnikov-de Haas oscillations, 7 phonon folding, 8 electron localization in a two-dimensional electron gas, 9 and tunneling cyclotron resonance 10 are only a few examples. But such phenomena have rarely been observed in metallic films. Only recently have quantum-well states been observed in metallic films using photoemission spectroscopy. 11 Recently, we showed that Co/Ni ͑fcc/fcc͒ superlattices fabricated by ultrahigh vacuum molecular-beam epitaxy ͑MBE͒ ͑Ref. 12͒ form coherent superlattice structures along the growth direction throughout the entire film thickness. A coherent electronic wave function, over many superlattice periods, in such a superlattice may exhibit interesting electronic properties unique to superlattices ͑''superlattice effect. ' '͒ A recent report on resistivity oscillations in these films 13 may be such an example. It has been suggested that this oscillatory behavior may indicate the presence of a scattering process existing only in superlattices. A proposed model, based on localized d electrons in slightly perturbed superlattice potential, seems consistent with the published data.
14 Therefore, it is necessary to investigate this oscillatory behavior in superlattices other than Co/Ni. In this paper, we ͑1͒ present transport data to help understand this behavior, ͑2͒ analyze experimental data available so far, and ͑3͒ expand the proposed localization model to transition-metal superlattices in general.
In Sec. II, fabrication and resistivity measurement of two other transition-metal superlattices, Cu/Ni and Ag/Pd, are discussed. Cu/Ni shows similar oscillatory behavior, whereas Ag/Pd does not. In Sec. III, a series of Co/Ni superlattices, with varying number of bilayers ͑i.e., total film thickness͒, are investigated to study the evolution of the superlattice effect. Resistivity measurements when compared to known scattering processes in thin metallic films imply the presence of a scattering process in these superlattices. In Sec. IV, available experimental data are summarized and compared with various available models. In Sec. V, the localization model, applied earlier to Co/Ni, 14 is expanded to Cu/Ni and Ag/Pd superlattices. The implication of the model is also discussed.
II. Cu/Ni AND Ag/Pd SUPERLATTICES
It is of interest to investigate if the low-temperature resistivity oscillations, observed in Co/Ni superlattices, 14 are observable in other superlattices. Cu/Ni is a good candidate because it is next to the Co/Ni pair in the Periodic Table. However, it should be recalled that Co and Ni are ferromagnetic materials whereas Cu is not, because of its completely filled 3d band. Ag/Pd is also chosen for investigation because the importance of d electrons has been suggested. 14 Ag/Pd formed from nonmagnetic elements is just below the Cu/Ni pair in the periodic table and have completely filled d bands.
A. Film growth and characterization
Epitaxial Cu/Ni ͑fcc/fcc͒ superlattices were grown by molecular-beam epitaxy ͑MBE͒ along the ͓111͔ direction on single-crystal ͓11.0͔ sapphire substrates. Film growth and structural characterization methods were similar to those used for the Co/Ni superlattice.
14 A 50 Å Co buffer layer was grown at 300°C and subsequently annealed at 550°C for 15 min prior to the deposition of the Cu/Ni superlattices. The substrate temperature during the superlattice growth was reduced to 120°C to minimize alloy formation at the interface without deteriorating the crystalline quality of the film. An alloy film was also prepared via co-evaporation of Cu and Ni for comparison. All films have the same ratio of Cu to Ni atomic planes in each bilayer, denoted as (Cu 0.4⌳ Ni 0.6⌳ ) N , where ⌳ is the superlattice period. The number of bilayers N in each film was adjusted such that the total thickness of the PHYSICAL REVIEW B 15 JULY 1998-II VOLUME 58, NUMBER 4 PRB 58 0163-1829/98/58͑4͒/2240͑8͒/$15.00 2240 © 1998 The American Physical Society film was ϳ1000 Å. The same superlattice configuration has been used for Co/Ni superlattices in Ref. 14. Epitaxial Ag/Pd ͑fcc/fcc͒ superlattices were grown by MBE along the ͓111͔ direction on single-crystal ͓00.1͔ sapphire substrates. Electron-beam evaporation was used for Pd whereas Ag was evaporated from a Knudsen effusion cell at 950°C. The evaporation rate was ϳ0.2 Å/sec for Pd and ϳ0.36 Å/sec for Ag. A 100 Å Pd buffer layer was grown at 500°C and then the substrate temperature was reduced to 200°C during the superlattice growth. The optimum growth parameters for Ag/Pd superlattices are harder to find than Co/Ni or Cu/Ni. First, Ag and Pd have a relatively large lattice mismatch ͑ϳ5.6%͒, suggesting highly strained interfaces in the superlattice structure. Second, the melting points are quite different, 1827 K for Pd and 1235 K for Ag, which makes it difficult for the optimization of the growth temperature. Third, the formation of interfacial Ag-Pd alloys complicates data interpretation. The residual resistivity of Ag-Pd alloys depends strongly on concentration 15 exhibiting a maximum value of ϳ40 ⍀ at 40 at. % of Ag. 15 Fourth, interdiffusion estimated from auger electron spectroscopy ͑AES͒ at the Ag/Pd interface was larger ͑Ͼ20 Å͒ than at Cu/Ni ͑ϳ9 Å͒ or Co/Ni ͑ϳ5 Å͒ interface. Therefore, the Ag layer thickness is kept constant while varying the Pd thickness, instead of keeping the Ag to Pd thickness ratio constant as was done for Cu/Ni. This way, the relative Pd concentration changes monotonically, in spite of small fluctuations in the evaporation rate for the Ag or Pd. Therefore, fluctuation in background resistivity, due to either interface scattering or alloy phase, which may mimic an oscillatory behavior, can be avoided. The Ag thickness was kept constant at ϳ23 Å for all superlattice films and the Pd thickness was varied from 5 Å to 55 Å. The number of bilayers was adjusted to make the total film thickness ϳ1000 Å. A 1000 Å thick Pd film was also prepared for comparison. We should stress that Ag/Pd resistivity oscillations would be observable in this configuration as well as shown earlier for Co/Ni as a function of either Co or Ni thickness. 13 Figures 1 and 2 show in situ reflection high-energy electron diffraction ͑RHEED͒ patterns of Cu/Ni and Ag/Pd superlattices. Co ͓Fig. 1͑a͔͒, and Pd ͓Fig. 2͑a͔͒ buffer layers, grown on sapphire substrates, show sharp streak patterns, typical for a smooth surface. A typical RHEED pattern from a Ni-terminated surface of completed Cu/Ni ͓Fig. 1͑b͔͒ is similar to the one from Co/Ni, indicating similar epitaxial growth and structure in Cu/Ni and Co/Ni. On the other hand, the diffraction profile for a Pd-terminated surface of completed Ag/Pd ͓Fig. 2͑b͔͒ is not as sharp as the one from Cu/Ni, indicating a slightly worse epitaxial growth of Ag/Pd as mentioned above.
Layered structure of the films was further analyzed, ex situ, using x-ray diffraction ͑XRD͒. Figure 3 shows the -2 XRD spectra of ͑a͒ Cu/Ni and ͑b͒ Ag/Pd. In Cu/Ni, the superlattice satellite peaks near the Cu/Ni͓111͔ Bragg peak were clearly observed. Even the sample with ⌳ϭ10 Å, which has ϳ2 Cu and ϳ3 Ni atomic layers in each superlattice period, shows superlattice peaks, indicating a welldefined layered structure. In Ag/Pd, the XRD spectra look complicated due to the presence of the Pd ͓111͔ buffer Bragg peak. The shift of the average ͓111͔ Bragg peak of Ag/Pd is noticeable due to a large lattice mismatch ͓see the arrows in film has an interesting peculiarity that, at a particular modulation period ͑Pd thickness ϳ20 Å and Ag ϳ23 Å͒, very sharp finite-size peaks, due to the interference between the top and bottom surface of the film, are clearly observed ͓middle figure in Fig. 3͑b͔͒ , suggesting very flat interfaces. In general, finite-size peaks are hardly observed for 1000 Å thick films because of instrumental resolution. For example, in commonly used Cu K ␣ radiation in XRD, separation of K ␣1 and K ␣2 reflection peaks is close to that of finite-size peaks from ϳ900 Å thick films.
Typical XRD spectra of Co/Ni superlattices are also shown in Fig. 3͑c͒ for comparison. The Co/Ni ͓111͔ Bragg peaks and superlattice peaks are clearly observed in Co/Ni films. A 550 Å thick film also shows finite-size peaks, suggesting that smooth interfaces are maintained for the entire film thickness. For 1000 Å thick films, finite-size peaks are not observed in Co/Ni. In short, our XRD, RHEED, and AES data consistently indicate that Cu/Ni and Ag/Pd superlattices have a modulated structure comparable to Co/Ni.
B. Electrical resistivity
The electrical resistivity was measured by a standard four probe method on photolithographically patterned samples. Figure 4 is the 4.2 K resistivity of Cu/Ni as a function of ͑a͒ ⌳ Ϫ1 and ͑b͒ ⌳. The resistivity of the Cu/Ni superlattices, like many other metallic multilayers, 19 increases with decreasing ⌳ due to interface scattering. In other words, is proportional to the number of bilayers N for fixed overall thickness d ͑i.e., ϳNϳd/⌳͒. Figure 4͑a͒ shows this linear behavior as has been observed by many authors. [16] [17] [18] [19] However, two features can be easily recognized in Fig. 4 . First, Fig. 4͑b͒ shows small oscillations as observed in Co/Ni, superimposed on the monotonically decreasing background due to interface scattering. Reproducibility of the data was tested by preparing a few duplicate samples, which had the same resistivity within the error bars shown in the figure. In addition, in Fig. 4͑a͒ , interface scattering can be identified easily as the ⌳ Ϫ1 dependence, observed above 0.025 Å
Ϫ1
͑i.e., ⌳ less than 40 Å͒, which extrapolates through the origin. This indicates that bulk scattering by structural defects, which contribute a constant background resistivity, can be neglected for ⌳ less than 40 Å. A small constant background resistivity ͑less than 4 ⍀ cm͒, observed for ⌳у40 Å, may be due to perpendicular grain boundaries, as opposed to the Cu/Ni interfaces which are parallel to the interface. The oscillatory part of the resistivity, after removing the interface and grain boundary scattering contribution, is of about the same magnitude as Co/Ni ͑ϳ2 ⍀ cm͒. Large background resistivity might obscure this resistivity oscillations in Cu/Ni. Figure 5 shows the 10 K resistivity of Ag/Pd superlattices. The overall resistivity is somewhat higher than for Co/Ni. There are no resistivity oscillations outside the experimental uncertainty. A small dip at a Pd thickness of ϳ20 Å ͑12% lower than the average of the neighboring data points͒ is significant. However, we believe that this can be explained otherwise, considering the difference in the microstructure of this particular film, as mentioned earlier. This is the only film which shows the finite-size peaks at high angle XRD ͓Fig. 3͑b͔͒. The low angle XRD also shows very pronounced finite peaks which doubled the number of observable peaks ͑ϳ40͒ in contrast to the neighboring films. The better crystalline structure of the film would reduce the resistivity because of less scattering from defects and grain boundaries. The resistivity of our films is consistently lower than the known Ag/Pd alloy resistivity at equivalent concentration. 15 The differences are larger than the experimental uncertainties. Therefore, the absence of oscillations may not be a direct consequence of Ag/Pd alloys at the interfaces. Lack of apparent resistivity oscillations in Ag/Pd suggests the importance of the d electrons. Ag does not have any valence d electrons and Pd has only ϳ0.36 d holes. 20 In other words, the 4d band of Pd, which is nonmagnetic, is ϳ96.4% full. On the other hand, the 3d band of Ni, which is ferromagnetic, has ϳ0.6 holes and its minority spin band is only ϳ88% full. 20 Therefore, the Fermi level of Pd is much closer to the d-band edge. This may explain the difference between Ag/Pd and Cu/Ni or Co/Ni. More detailed discussion is given in Sec. VI.
III. SCATTERING PROCESSES IN METALLIC SUPERLATTICES
Among the three superlattice systems studied, Co/Ni and Cu/Ni show resistivity oscillations. However, Cu/Ni is not suitable for further study because of large interface scattering. [16] [17] [18] Therefore, in order to study various scattering processes present in thin metallic films, Co/Ni superlattice is a better choice.
The resistivity in the presence of several distinct scattering mechanisms is given, in its simplest form, by Mathiessen's rule:
where i is due to crystalline defects, chemical impurities, grain boundaries, etc., s is a size effect, inter is due to the interfaces, e-ph ( e-e ) is the resistivity due to electronphonon ͑electron-electron͒ scattering, and super is a possible contribution associated with the superlattice structure. Each term has its own characteristic dependence on different parameters, such as superlattice period ⌳, film thickness d, temperature T, etc. Therefore, by careful analysis, we can identify each mechanism one by one. In Co/Ni superlattices, the additional contribution to the resistivity super , the focus of this paper, oscillates with individual layer thickness and/or superlattice period and is observable only in thick films. 13 It is natural to assume that super ϭ super (⌳,d). All other mechanisms are relatively well understood theoretically and have been observed experimentally in numerous systems.
Thus far, we have discussed 13, 14 mainly the resistivity oscillations observed in thick films ͑ϳ1000 Å͒. Now, we will focus on the dependence on the total film thickness. The electrical transport for very thin films is a complicated phenomenon because many different scattering mechanisms are involved which depend on the size of the film, such as the classical size effect ͑CSE͒, 22 the quantum size effect ͑QSE͒, 23 interface scattering, 24 grain boundary scattering, 25 etc. These mechanisms become significant when the film thickness is comparable to or less than the mean free path ͑MFP͒ of the electron. On the other hand, a superlattice effect should only be observed for a large number of layers, i.e., for thick films. Therefore, it is somewhat difficult to investigate the evolution of the superlattice effect with total film thickness. Careful film preparation, structural characterization, and a comprehensive understanding of the size effects are necessary to derive any meaningful conclusion.
We will now focus on terms comprising the lowtemperature residual resistivity. The negligible interface scattering in Co/Ni was already discussed in a previous paper.
14 Therefore, the low-temperature residual resistivity can be written as
Our previous report on resistivity oscillations in ϳ1000 Å thick Co/Ni superlattices of constant Co to Ni ratio ͑3:2͒ is reproduced in Fig. 6͑a͒ . We will now examine the change in resistivity with film thickness for fixed ⌳'s. Figure 6͑b͒ shows the the thickness dependence of the resistivity at a resistivity maximum max ͑⌳ϭ25 Å͒ and resistivity minimum min ͑⌳ϭ35 Å͒. becomes independent of ⌳ for film thickness d less than 300 Å ( max Ϸ min ). However, is consistently higher in the ⌳ϭ25 Å series for d greater than 300 Å ( max Ͼ min ). Since the resistivity difference is observed only for thick films ͑i.e., large number of bilayers N͒, this can be attributed to a superlattice effect. It is important to point out that this conclusion is only valid if the structure of the film does not change with thickness as proved by our detailed structure studies. Recently, a power law in surface conductivity, s ϵ1/ s ϳd 2.3 was reported in thin CoSi 2 films and this was interpreted as a quantum size effect ͑QSE͒ ͑Ref. 23͒ due to the intersubband transitions induced by random potential fluctuation of a highly degenerate electron gas in a quantum box of thickness d. As a consequence, the resistivity in ultrathin films increases much faster than predicted by the classical size effect ͑CSE͒. The complete expression for the surface conductivity due to the QSE is given as
where e and h are the electron charge and Planck's constant, and ⌬ are the correlation length and the average range of a random potential fluctuation, N is the number of occupied subbands, and k p is the Fermi wave vector of the th band. This expression can be approximated by a power law for small d. This power law was claimed to be ''universal'' regardless of the realistic surface roughness because potential fluctuations on the atomic scale ͑⌬ϳ8 Å͒ was enough to explain the sharp resistivity enhancement in CoSi 2 .
In our case, s follows the same power law, s ϳd 2.3Ϯ0.2 for d less than 400 Å. If the free electron model is assumed with a carrier density nϳ5.4ϫ10 22 /cm 3 ͓ϳ0.6 s electron per atom in Co/Ni ͑Ref. 19͔͒, then min ͑⌳ϭ35 Å͒ can be well described by the sum of i ͑ϳ3.5 ⍀ cm͒ and s due to QSE with ⌬ϳ40 Å 2 ͓solid line in Fig. 6͑b͔͒ . In other words, an electronic MFP of lϳ260 Å and a surface roughness of ϳ10 Å. For max ͑⌳ϭ25 Å͒, the resistivity is enhanced, implying that an additional scattering effect is present, a superlattice effect.
If super increases with d at fixed ⌳, then it would partially offset the diminishing surface scattering contribution s . Therefore, the resistivity, by proper choice of ⌳, is expected to become nonmonotonic with d, which was indeed observed for the ⌳ϭ50 Å samples ͓Fig. 6͑b͒ inset͔. It implies that the resistivity oscillates with ⌳, but the oscillation amplitude may also depend on N. In other words, this effect becomes significant only if N exceeds a minimum number. Another interesting observation in Fig. 6 is that super is a bounded function, i.e., this effect does not grow with N without limit. This suggests that the crystalline coherence length of our films is limited by growth induced sources of additional scattering. The lines in Fig. 6͑b͒ are generated with assumptions that super has an upper limit ϳ2 ⍀ cm and becomes significant when N exceeds ϳ14 as implied by Fig.  6͑b͒ . These lines qualitatively describe the observed nonmonotonic data.
IV. SUMMARY OF EXPERIMENTAL DATA
It is useful to summarize all experimental findings before presenting our model. ͑1͒ Low-temperature resistivity oscillations are observed in Co/Ni and Cu/Ni superlattices, but not in Ag/Pd superlattices. Therefore, this effect may require partially filled d bands in the constituent elements.
͑2͒ The oscillations are above theoretical predictions implying the presence of an additional scattering mechanism.
͑3͒ The oscillation amplitude does not change with temperature.
14 In other words, electron-phonon or electronelectron scattering processes are not significantly different in superlattices, suggesting that the electronic band structure, at least the conduction s band of majority charge carriers, is not significantly altered by the superlattice potential.
͑4͒ The oscillation amplitude increases with a small amount of random fluctuation in the superlattice period. 14 This indicates that oscillations may be due to periodic perturbation from perfect superlattice symmetry.
14

͑5͒
The oscillations are observed as a function of individual layer thickness and/or superlattice period. The oscillation period does not depend on the size of the superlattice unit cell. 13, 14 The resistivity oscillations are the most intriguing observation since they cannot be explained by known scattering processes. It is very unlikely that random fluctuations of the data cause apparent oscillations. The oscillation amplitude is considerably outside experimental error and the resistivity of several duplicate samples were reproducible within the experimental error.
It is also unlikely that structural changes cause this oscillatory behavior. First, lattice strain at the interfaces is not likely oscillatory, unlike pseudomorphic growth on open surfaces. 27 Second, Ag/Pd superlattices, which would have a large strain due to a larger lattice mismatch than Co/Ni and Cu/Ni, shows no oscillations. Third, available structural data ͑XRD, RHEED, LEED͒ fail to reveal any correlation between resistivity oscillations and measurable parameters.
Oscillatory magnetic coupling ͑e.g., RKKY͒ might lead to resistivity oscillations. However, both Co and Ni are wellknown ferromagnetic materials and measured magnetic properties, such as coercivity, saturation field, magnetic moment, or remnant magnetization, do not show oscillatory behavior. In addition, such oscillatory magnetic coupling would exist even in two or three bilayer samples. Therefore, it is unlikely.
Oscillatory behavior of electronic origin is a possibility. But this does not seem to be a density of states effect, such as the superlattice energy minigap model, as suggested in our earlier paper. 13 First, the temperature-dependent resistivity is almost sample independent.
14 In other words, the contribution from dynamic scattering mechanisms, such as electronelectron, electron-magnon, or electron-phonon scattering is similar in all samples, which should be affected by the presence of energy minigaps. Second, if the resistivity oscillations are caused by the energy minigaps at the Fermi level, their amplitude should decrease with increasing disorder as the modulation period becomes more diffuse, which is not what is observed experimentally.
14 Third, the proposed modification in 3d hole pockets around L sites of fcc Ni bands would not likely cause any significant change in the density of states at the Fermi level due to high symmetry.
Recently, Kiwi et al. 28 suggested that the resistivity oscillations are due to an additional scattering mechanism, not included in the band structure calculations. In their model the majority spin-up s electrons scatter resonantly against the mainly d-character quantum-well states induced in the Ni layers. Since this scattering is only effective when the quantum-well state energy is close to the Fermi level, and the former shift as a function of the layer thickness, oscillations in the resistivity result. However, the quantum-well state should exist in superlattices of any number of bilayers. It may be difficult to reconcile the experimental data with the fact that the oscillatory behavior disappears with decreasing number of bilayers. Nonetheless, this model shares similarities to our localization model.
14 It assumes the existence of an electronic state which periodically crosses the Fermi level, and an energy-dependent scattering cross section. The origin of these quantum-well states is a nondispersive minority d band in Ni along the ⌳-L line, which happens to intersect the Fermi surface. Recent elaborate band structure calculations for the Co/Cu superlattices 29 have shown almost dispersionless localized bands with a predominantly d character. It is not yet clear whether such superlattice band structure calculations can be applied to real imperfect superlattices. However, it could be that in real superlattices these states become localized states, as suggested in Ref. 14.
The localization model was successful in explaining the resistivity oscillation maxima in Co/Ni superlattices, 14 and so far consistent with data summarized in the beginning of this section. In the following section, we expand our model to transition-metal superlattices in general and compare it with existing resistivity data.
V. LOCALIZATION MODEL
In superlattices, electrons experience a modulated potential due to alternating constituent elements. We propose that some of the d electrons are localized by this superlattice potential, which can be treated as a small perturbation on the perfectly periodic system and that there is a resonant scattering between the conduction s electrons and the localized d electrons. The scattering cross section is greatly enhanced when scattering occurs at the Fermi level. Because the energy eigenvalues of the localized states vary gradually with the superlattice potential, these states repeatedly appear close to the Fermi level. As a consequence, the value of the resistivity oscillates. This model is consistent with the experimental observations summarized in the previous section. First, localization of the d electrons is a consequence of coherent superlattice structure over many modulation periods. In other words, the localization is a superlattice effect. Second, random layer fluctuations will assist the localization. 30 Recently, a partial localization of Ni d states has been suggested to explain the narrowing of Ni L ␣ emission of Ag/Ni multilayer by x-ray emission spectroscopy. 31 Third, only d electrons can be localized because aperiodic perturbations in the superlattice potential are not strong enough to localize s electrons. Therefore, the density of states of the s electrons at the Fermi level is not significantly altered in this model. In fact, it has been shown that localized states can exist in a onedimensional quasiperiodic system. 32 Consider the following one-dimensional tight-binding Hamiltonian:
where ͉i͘ denotes a Wannier state localized around the ith site. This Hamiltonian describes the formation of a band from a single atomic orbital through nearest-neighbor interaction.
The eigenfunction of the Hamiltonian with the eigenvalue E can be written as
where f n satisfies the recurrence relation,
In superlattices, which are fabricated from two different atomic species ͑a and b͒, there are only two choices for n , ͓ 
v͑b͒ϵv͑bb͒. ͑8͒
It is very useful to divide the Hamiltonian into two parts, one periodic with respect to the average lattice, and the remaining aperiodic term due to superlattice modulation. It is also convenient to reference energies to Therefore, Eq. ͑6͒ can be rewritten as
where
where ⌬ is the relative amount of band separation, v is the relative difference in bandwidth of the two atomic species composing the superlattice, and n and ␤ n are determined by the atomic sequence in the actual superlattice film. n and ␤ n are ϩ1 or Ϫ1, depending on the actual site occupancy. In order to simulate interface disorder inherent in real superlattices, a new parameter is introduced, which is the interface region where the n 's and ␤ n 's are assumed to change from ϩ1 to Ϫ1 or vice versa. Equation ͑11͒ quite generally describes any combination of transition-metal superlattices. If ␤ n ϭ0, it is reduced to the Hamiltonian we used in the Co/Ni system in Ref.
14. The parameters used in the model calculation are determined from the band structure calculations of each element. 34 Only the width of the d band and the position of the Fermi level are necessary for this calculation. The width of the Ni 3d minority band is ϳ5 eV and the Cu 3d band is ϳ3 eV. The center of the each band is displaced by 1 eV, with Ni closer to the Fermi level. On the other hand, the width of the Pd 4d band is ϳ5 eV and the Ag 4d band is ϳ3 eV, and they are displaced by 2.5 eV. Therefore, ϭ0.25, ⌬ϭ0.25 for Cu/Ni, and ϭ0.25, ⌬ϭ0.625 for Ag/Pd are used for the model calculation. The interface region is approximately four monolayers ͑2ϭ4͒ for Cu/Ni and ten monolayers ͑2ϭ10͒ for Ag/Pd, based on the AES measurements. Figure 7 shows the calculated localized energy spectra of ͑a͒ Cu/Ni and ͑b͒ Ag/Pd superlattices investigated in this paper. In Fig. 7͑a͒ , localized states of Cu/Ni appear close to the Fermi level at ⌳ϭϳ23, ϳ35, ϳ55, and ϳ67 Å, close to ⌳ where the resistivity maxima are observed in Fig. 4͑b͒ . A similar result has already been found in Co/Ni.
VI. DISCUSSION
14 Considering the simplicity of the one-dimensional calculation, it is a remarkable agreement. The repeated crossing of the localized states through the Fermi level is clearly correlated with the periodic enhancement of the resistivity. The resistivity is enhanced because of the resonance scattering between this localized state and the conduction 4s electrons.
In Ag/Pd, the calculated localized state approaches to and stays near the Fermi level, because the Fermi level lies at the upper edge of the Pd 4d band. This is expected because in this one-dimensional model the allowed states should reside between the upper edge of the 4d Pd band and the lower edge of the 4d Ag band. 33 From the calculation it is not clear what happens to the state once it approaches the Fermi level ͑close to the band edge͒. However, it is interesting to note that the resistivity of Ag/Pd in Fig. 5 increases gradually until a Pd thickness Ϸ25 Å, where the first calculated localized state approaches the Fermi level. Note that the 4d band of Pd is almost filled ͑ϳ97% full͒. Even a small charge transfer from the 5s band to the 4d band in Ag/Pd would raise the Fermi level enough so that all energy eigenstates would lie below the Fermi level. In fact, it has been shown that the 4d hole of Pd in Ag/Pd alloys is completely filled at ϳ60 at. % of Ag concentration. 15 The localized states provide a scattering mechanism similar to resonant scattering. Because these localized states exist inside the conduction band, they are similar to virtual bound states. 35 A close analogy can be found in the dilute transition-metal impurities in Cu. 36 The d electrons of the transition-metal impurities form a virtual bound state inside the conduction band of Cu. When transition metals ͑Sc to Ni͒, are dissolved in the host metal, the mean energy of the broadened impurity d band changes systematically in relation to the Fermi level of the host metal. When the center of the impurity d band coincides with the Fermi level, there is a resonance and hence a maximum scattering effect with the conduction electrons at the Fermi level. Thus the resistivity due to the impurities rises when going through the series to a broad maximum around Cr and then diminishes again. 36 This implies that the scattering cross section of the virtual bound state is energy dependent. The cross section is a maximum when the Fermi level lies just in the middle of this state and decreases with increasing or decreasing energy. For 1 at % Cr impurities in Cu, the residual resistivity increases by ϳ20 ⍀ cm when the virtual bound state at Cr site lies near the Fermi level. When Ni is substituted for Cr, the increase is only ϳ1 ⍀ cm because for Ni the virtual bound state lies well below the Fermi level. 35, 36 In our case, the increase in residual resistivity is ϳ2 ⍀ cm when the proposed localized state lies at the Fermi level. Since this localization occurs only along the superlattice growth direction, the effect here is much smaller than the three-dimensional case and the scattering cross section is expected to decay more quickly as a function of the energy difference between the localized state and the Fermi level.
VII. CONCLUSIONS
So far, all existing data from Co/Ni, Cu/Ni, and Pd/Ag superlattices are consistent with the localization model. However, we cannot rule out the simultaneous presence of resonant scattering due to quantum Hall states as predicted by Kiwi et al. 28 The calculated localized states appear close to the superlattice period where the resistivity exhibits maxima. More sophisticated models, which include multiple bands and three-dimensional crystal structures, are necessary to understand this phenomenon more quantitatively. The fraction of d electrons which are localized and the size of the scattering cross section are still open issues. Recent development in superlattice band structure calculations and their generalization to the imperfect superlattices which can be fabricated with current technology, may improve the understanding of transport in metallic superlattices.
